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LHCb

ATLASALICE

CMS

➲

Large Hadron Collider
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Two New Laws of Nature +

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
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Pointlike (r ≤ 10−18 m) quarks and leptons
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Highly idealized
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Some tensions,
puzzles,

outstanding questions

Lots of new ideas

Beautiful experiments:
mature / new / dreams
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Quantum Chromodynamics

Asymptotically free theory

Many successes in perturbation theory to 1 TeV

Growing understanding: nonperturbative regime 
Quarks & gluons confined: evidence, no proof

No structural defects, but strong CP problem
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Evolution of the strong coupling
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The World’s Most Powerful Microscopes
nanonanophysics

Transverse momenta: 1.8 TeV + 1.8 TeV· Dijet mass: 4 TeV
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Figure 1: Normalized dijet angular distributions in several Mjj ranges, shifted vertically by the

additive amounts given in parentheses in the figure for clarity. The data points include statis-

tical and systematic uncertainties. The results are compared with the predictions of pQCD at

NLO (shaded band) and with the predictions including a contact interaction term of compos-

iteness scale Λ+ = 5 TeV (dashed histogram) and Λ− = 5 TeV (dotted histogram). The shaded

band shows the effect on the NLO pQCD predictions due to µr and µ f scale variations and

PDF uncertainties, as well as the uncertainties from the non-perturbative corrections added in

quadrature.

Rutherford scattering test for quark compositeness
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mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672
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Light hadron spectrum with dynamical fermions
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W
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How Might QCD Crack?

(Breakdown of factorization)
Free quarks / unconfined color
New kinds of colored matter

Quark compositeness
Larger color symmetry containing QCD

QCD could be complete, up to MPlanck

… but that doesn’t prove it must be
Prepare for surprises!
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New phenomena within QCD?
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Unusual event structures …

High density of few-GeV partons …
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Electroweak Theory

To good approximation …
3-generation V–A

GIM suppresses FCNC
CKM quark-mixing matrix describes CPV

Gauge symmetry validated in e+e- → W+W–

Tested as quantum field theory at per-mille level
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Gauge symmetry (group-theory structure) tested in

e+e− → W+W−

σ W
W
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b)
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Electroweak theory anticipates discoveries
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Several persistent tensions in flavor sector

New physics in B mixing?

4th generation?
Supersymmetry?

Extra dimensions?
… ?
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J.M. Roney - non-CP Heavy Flavour 14 

! 

Vub  comparisons

Difference is a problem and perhaps should be identified as an 

unattributed uncertainty 

•!work of  multiple experiments, multiple theoretical groups. 

•!exclusive result relies on non-perturbative normalization input 

•!inclusive result uses mb, non-perturbative extrapolations and 

perturbative corrections 

  

! 

B"#!$ (2.95± 0.31) %10-3

b" u!$ (4.37± 0.39) %10-3
& 
' 
( 
2.7)

Latest combined fit to data,lattice 

Inclusive, PDG2010 average: 

UTFit 3.48±0.16 (ICHEP 2008) 

CKMFitter 3.51±0.15
0.16 (Beauty 2009) 

Predictions from 

CKM fits: 
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G. Isidori –  The Challenges of Flavour Physics                              ICHEP 2010, Paris, 27
th

 July 2010

II. Right-handed currents

Right-handed currents are expected in several well-motivated extensions of the SM 
[ e.g. SU(2)L×SU(2)R×U(1)B-L e.w. symmetry] 

A low-energy phenomenological 
motivation to consider charged-
current RH currents arises by a 
simple solution to all problems 
related to Vub :

 B(B →π lν)  ∝ VubL  +VubR 2

    B(B →τν)  ∝ VubL  −VubR 2

B(B → Xulν)  ∝VubL2 +VubR2

B →πlν          B → Xulν       B →τν    
            

 

VubL

 ε 
R

e(
V
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R /

V
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Crivellin '09
Chen, Nam '08 

Resolution by RH current?
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✴ A force of a new character, based on 
interactions of an elementary scalar

✴ A new gauge force, perhaps acting on 
undiscovered constituents

✴ A residual force that emerges from strong 
dynamics among electroweak gauge bosons

✴ An echo of extra spacetime dimensions

An unknown agent 
hides electroweak symmetry

20



The Importance of the 1-TeV Scale

EW theory does not predict Higgs-boson mass
Thought experiment: conditional upper bound

•  If bound is respected, perturbation theory is 
“everywhere” reliable

•  If not, weak interactions among W±, Z, H become 
strong on 1-TeV scale

New phenomena are to be found around 1 TeV

provided  MH ≤ (8π√2/3GF)1/2 ≈ 1 TeV
_

W+W –, ZZ, HH, HZ satisfy s-wave unitarity,

21
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Where the SM Higgs boson is not. 1
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Where the SM Higgs boson is not. 2
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Where a bosophilic Higgs boson is not
Precision EW establishes HWW, HZZ, not Hff 6
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FIG. 1: Observed (solid black line) and median expected (dashed black line) 95% CL upper limits from the Tevatron on Higgs
boson production in the fermiophobic Higgs model (FHM). The shaded bands indicate the ±1 standard deviation (s.d.) and
±2 s.d. intervals on the distribution of the limits that are expected in the absence of a contribution from the Higgs boson.
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Imagine a world without a symmetry-breaking
(Higgs) mechanism at the electroweak scale

Why will it matter?

27



Without a Higgs mechanism …

Electron and quarks would have no mass
QCD would confine quarks into protons, etc.
        Nucleon mass little changed
Surprise: QCD would hide EW symmetry, 
        give tiny masses to W, Z
Massless electron: atoms lose integrity 
No atoms means no chemistry, no stable 
composite structures like liquids, solids, …

    arXiv:0901.3958
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quantum
corrections
disfavor

Where EW Theory Breaks Down
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Str
ings?

1018

Planck s
cale

Quantum gravity
?

[A PUZZLE RAISED BY THE HIGGS]
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Puzzle #1: Expect New Physics on TeV scale
to stabilize Higgs mass, solve hierarchy problem,

but no sign of FCNC
Minimal flavor violation a name, not yet an answer

Puzzle #2: Expect New Physics on TeV scale
to stabilize Higgs mass, solve hierarchy problem,

but no quantitative failures of EW theory

Great interest in searches for
forbidden or suppressed processes

arXiv:0907.3187
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Supersymmetry is hiding very effectively

… and nothing else has turned up in early running

5

TABLE I. Comparison of the measured yields in the different HT bins for the hadronic, µ + jets and γ + jets samples with
the SM expectations and combined statistical and systematic uncertainties given by the simultaneous fit.

HT bin (GeV) 275–325 325–375 375–475 475–575 575–675 675–775 775–875 >875

SM hadronic 787+32
−22 310+8

−12 202+9
−9 60.4+4.2

−3.0 20.3+1.8
−1.1 7.7+0.8

−0.5 3.2+0.4
−0.2 2.8+0.4

−0.2
Data hadronic 782 321 196 62 21 6 3 1

SM µ + jets 367+15
−15 182+8

−9 113+8
−7 36.5+3.8

−3.3 13.4+2.2
−1.8 4.0+1.4

−1.2 0.8+0.9
−0.1 0.7+0.9

−0.1
Data µ + jets 389 156 113 39 17 5 0 0

SM γ + jets 834+28
−30 325+17

−17 210+12
−12 64.7+6.9

−7.0 21.1+3.9
−4.3 10.5+2.5

−2.6 6.1+0.9
−1.7 5.5+0.9

−1.6
Data γ + jets 849 307 210 67 24 12 4 4
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FIG. 4. Observed and expected 95% CL exclusion contours
in the CMSSM (m0,m1/2) plane (tan β = 10, A0 = 0, µ > 0)
using NLO signal cross sections with the CLs method. The
expected limit is shown with its 68% CL range. The SUSY
benchmark model LM6 is also shown.

bins of the scalar sum of the transverse energy of jets,
HT, considering events with HT in excess of 275GeV.
The sum of standard model backgrounds per HT bin has
been estimated from a simultaneous binned likelihood fit
to hadronic, µ + jets, and γ + jets samples. The ob-
served yields in the eight HT bins have been found to be
in agreement with the expected contributions from stan-
dard model processes. Limits on the CMSSM parameters
have been derived and squark masses below 1.1TeV are
excluded at 95% CL in this model. Gluino masses in the
same range are ruled out at 95% CL for m0 < 500GeV.
This limit represents a tight constraint on the parameter
space of SUSY models like the CMSSM.
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Wonderful progress …
… but miles to go:
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ALICE: Pb-Pb Collisions at 287 TeV

New Era of Heavy-Ion Physics
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CMS suggestion of quarkonium melting
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Issues for the Future (Now!)

1. What is the agent of EWSB? Is there a Higgs boson?
Might there be several? 
2. Is the Higgs boson elementary or composite? How 
does it interact with itself? What triggers EWSB?
3. Does the Higgs boson give mass to fermions, or 
only to the weak bosons? What sets the masses and 
mixings of the quarks and leptons? (How) is fermion 
mass related to the electroweak scale?
4. Are there new flavor symmetries that give insights 
into fermion masses and mixings?
5. What stabilizes the Higgs-boson mass below 1 TeV?
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Issues for the Future (Now!)

6. Do the different CC behaviors of LH, RH fermions 
reflect a fundamental asymmetry in nature’s laws?
7. What will be the next symmetry we recognize? Are 
there additional heavy gauge bosons? Is nature 
supersymmetric? Is EW theory contained in a GUT?
8. Are all flavor-changing interactions governed by the 
standard-model Yukawa couplings? Does “minimal 
flavor violation” hold? If so, why?
9. Are there additional sequential quark & lepton 
generations? Or new exotic (vector-like) fermions?
10. What resolves the strong CP problem?
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Issues for the Future (Now!)

11. What are the dark matters? Any flavor structure?
12. Is EWSB an emergent phenomenon connected 
with strong dynamics? How would that alter our 
conception of unified theories of the strong, weak, 
and electromagnetic interactions?
13. Is EWSB related to gravity through extra 
spacetime dimensions?
14. What resolves the vacuum energy problem?
15. (When we understand the origin of EWSB), what 
lessons does EWSB hold for unified theories? … for 
inflation? … for dark energy?
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Issues for the Future (Now!)

16. What explains the baryon asymmetry of the 
universe? Are there new (CC) CP-violating phases?
17. Are there new flavor-preserving phases? What 
would observation, or more stringent limits, on 
electric-dipole moments imply for BSM theories?
18. (How) are quark-flavor dynamics and lepton-flavor 
dynamics related (beyond the gauge interactions)? 
19. At what scale are the neutrino masses set? Do 
they speak to the TeV scale, unification scale, Planck 
scale, …? Is the neutrino its own antiparticle?

20. How are we prisoners of conventional thinking?
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